Introduction
The development of porous materials capable of storing enough hydrogen to accomplish the targets required for on-board applications (i.e., 6 wt% and 45 g L -1 by 2010) 1 still remains a challenge. For this purpose a great variety of highly porous 20 materials such as MOFs, 2,3 activated carbons, [3] [4] [5] zeolites, 3, 6 zeolite-like carbon materials 7 and carbide-derived carbons 5, 8 have been investigated. In particular, carbon-based porous materials have been extensively studied as potential hydrogen stores due to their high surface areas, large pore volumes, good chemical 25 stability and the ease with which their porosity can be tailored. In this respect, the nanocasting approach constitutes a versatile route for the design of porous carbons with a pore structure suitable for hydrogen storage. Zeolites have proved to be appropriate templates for the fabrication of microporous carbons with 30 uniform micropores (size < 1 nm). A hydrogen uptake of 6.9 wt% (at -196 ºC and 20 bar) has been reported for this type of templated carbons. 7a On the other hand, carbide-derived carbons (CDCs) also have been considered as hydrogen adsorbents taking into account their large surface area (up to 2500 m 2 ⋅ g -1 ) and 35 narrow microporosity. 9 In this case, the maximum hydrogen uptake measured is ca. 4.4 wt% (at -196 ºC and 20 bar). 5, 8 Recently, several studies have reported on the post-synthesis chemical or physical activation of zeolite-templated carbons or CDCs with the aim of improving hydrogen storage capacity. 5,10,11 40 Such multi-step (typically two steps) procedures can improve the hydrogen uptake by up to 96 and 63% for zeolite-templated carbon 11a and CDCs 11b,c respectively.
Chemical activation of carbonaceous materials (i.e., coal, biomass-derived products, etc) constitutes an established route for 45 the preparation of carbons with high surface area. 12 In particular, activated carbons produced using KOH as activating agent exhibit several attractive properties: i) a high surface areas and large pore volumes, ii) most of the porosity arises from uniform micropores in the 1 -2 nm range, iii) the pore structure can be 50 tailored by modifying the activating parameters (i.e., activation temperature and KOH/carbonaceous precursor weight ratio) and iv) the activation may be performed via an easy and one-step process. 12b,12c,12d Due to these reasons, the use of one-step chemically (KOH) activated carbons for hydrogen storage has 55 been extensively investigated. However, only moderate hydrogen uptakes (3.0 -5.6 wt% at -196 ºC and various pressures) have so far been achieved for one-step KOH activated carbon materials. [4] In an attempt to enhance the hydrogen storage capacity of KOH activated carbons, Wang and co-workers, recently proposed a 60 two-step procedure in which physical activation (with CO 2 ) was followed by a chemical (KOH) activation step. 13 This doubly activated carbon exhibits hydrogen uptake of up to 7.08 wt% at -196 ºC and 20 bar. 13 However, it is desirable to avoid multi-step activation procedures, and to date, therefore, the fabrication of 65 chemically activated carbons with large capacity to store hydrogen, by means of simpler procedures remains an important challenge. Several studies show that the cryogenic hydrogen storage capacity of porous materials is essentially a function of surface 70 area, and that narrow micropores (~ 0.7 nm) are the most efficient hydrogen storage spaces. 5, 7, 14 denoted as CP-x-y, where x is tthe KOH/PPy weight ratio and y the activation temperature (in ºC).
Characterization
Nitrogen sorption isotherms and textural properties of the carbons were determined at -196 o C using nitrogen in a conventional 40 volumetric technique by a Micromeritics ASAP 2020 sorptometer. The surface area was calculated using the BET method based on adsorption data in the relative pressure (P/Po) range 0.04 to 0.2. The total pore volume was determined from the amount of nitrogen adsorbed at a relative pressure of 0.99.
45
Micropore surface area and micropore volume were obtained via t-plot analysis. The pore size distribution (PSD) was determined via a Non Local Density Functional Theory (NLDFT) method using nitrogen adsorption data, and assuming a slit pore model. Scanning electron microscopy (SEM) images were obtained with Hydrogen uptake capacity of the carbons was measured by gravimetric analysis with an Intelligent Gravimetric Analyser 55 (IGA-003 Hiden) using 99.9999% purity hydrogen additionally purified by a molecular sieve filter. The hydrogen uptake measurements were performed at -196 o C (in a liquid nitrogen bath) over the pressure range 0 to 20 bar. The uptake data was corrected for the buoyancy of the system and samples. The
60
Helium density of the materials was measured on a gas pycnometer (AccuPyc, Micromeritics), whereas the packing density was determined by pressing a given amount of activated carbon (~ 0.1 g) in a mould at a pressure of 7 MPa.
Results and discussion

65
As shown in Figure 1a , the polypyrrole used as carbon precursor exhibits a sponge-like structure formed by interconnected microparticles of ca. 1 μm in diameter. This morphology is highly favourable for good pore development due to the fact that it provides a large interfacial area for the reaction between the micropores to small mesopores at higher activating temperature. Indeed, PSD curves (Fig. 2b ), which were obtained using a Non for the samples activated at 800 ºC and 850 ºC). A large fraction of the surface area (~ 60%) and pore volume (~ 50%) arises from micropores as deduced by the t-plot method ( Table 1 ). The textural data suggest that the creation of new mesopores and their 75 enlargement is favoured at higher activation temperature. This is most likely caused by increased gasification of the polypyrrole precursor by evolution of CO 2 from decomposition of K 2 CO 3 that is generated during the activation process.
15
Carbon materials comprising of two pore systems, in the 80 micropore and mesopore ranges, are highly desirable because of the large adsorption capacity in micropores and enhanced diffusion rates from mesopores. However, such micro/small mesopore carbon materials are difficult to prepare and have, so far, only been been obtained via complex and multi-step 85 procedures that combine hard or soft template techniques with physical or chemical activation steps. 10a,16 To the best of our knowledge, to date, no one-step synthesis procedure has been reported for carbon materials with the micro/mesopore porosity observed here. The ability to vary the porosity of the present 90 activated carbons is further illustrated by the fact that changing the KOH/PPy weight ratio from 4 to 2 (Supporting Figure S2) gives raise to carbons with porosity made up essentially of micropores (samples CP-2-650 and CP-2-700) and bimodal porosity being observed for a high activation temperature sample 95 (CP-2-800). The surface area (and pore volume) of carbons activated at 650 or 700 ºC and KOH/PPy weight ratio of 2 is lower than that of equivalent samples activated at KOH/PPy ratio of 4 (Table 1 ). The differences in textural properties as the amount of KOH decreases is due to diminution of the extent of 100 gasification by the CO 2 evolved in the decomposition of K 2 CO 3 . It is noteworthy that for any given activation temperature, carbons activated at KOH/PPy ratio of 2 generally have a higher N content (Table 1) . When polypyrrole is subjected to simple carbonization (under 105 a nitrogen environment) at 800 ºC, the N content decreases from 13.5 wt% to 11.7 wt% (Supporting Table S1 ). However, the present activated carbons contain much lower N content (Table 1  and Supporting Table S1 ). Furthermore, the N content decreases with activation degree (i.e., increase of the activation temperature 110 and/or the KOH/PPy ratio) as shown in Table 1 . The decrease in N content at greater activation occurs as a consequence of preferential oxidation of nitrogen functionalities during the activation process in a manner similar to that previously observed for the activation of other types of nitrogen-containing nitrogen and oxygen groups have a detrimental effect on the maximum hydrogen uptake. 19 More recently, Xia and co-workers proved experimentally that N-doping is beneficial at low hydrogen uptake but detrimental at higher uptake, in agreement 10 with theoretical studies. 14d However, it is worth noting that the N content of the present activated carbons is lower than that in previous studies. 14d, 19 The oxygen and hydrogen content of the activated carbons decrease at higher activation levels (Supporting Table S1 ). Raman spectra (Supporting Figure S4) confirmed that 15 the polypyrrole-derived activated carbons have a certain level of graphitic ordering that decreases at higher activation levels. The potential of the activated carbons as hydrogen stores was investigated at -196 ºC over the pressure range 0 -20 bar using a gravimetric method. For buoyancy corrections, densities of 0.04 20 and 1.72 -2.31 g cm -3 were applied for adsorbed hydrogen 7 and activated carbons respectively. Figure 3a shows the total hydrogen uptake isotherms for the various activated carbons. The hydrogen uptake isotherms are completely reversible and exhibit no saturation in the 0 -20 bar pressure range. This suggests that 25 higher hydrogen uptakes can be obtained if the pressure is increased over 20 bar. Indeed, an estimated maximum hydrogen uptake capacity can be computed by fitting the experimental data using the Langmuir model. 7a,20 The storage capacity at 20 and 1 bar along with the computed maximum hydrogen uptake are 30 given in Table 1 . At 1 and 20 bar, the activated carbons exhibit excellent hydrogen uptake capacity of up to 2.63 and 7.03 wt% respectively (Table 1 ). The observed storage capacity is remarkable in the context of previous studies where one-step activated carbons normally achieve hydrogen uptake (at -196 ºC and thus exhibited the lowest porosity (i.e., CP-4-600 and CP-2-650). The hydrogen uptake achieved (up to 7.03 wt%) is Table 1 . Textural properties, N content, helium density, packing density and hydrogen uptake of polypyrrole-derived activated carbons a Porous carbon samples are denoted as CP-x-y, where x is KOH/popypyrrole weight ratio and y the activation temperature (in ºC); b Determined by the t-plot method.
c Total pore volume at relative pressure (P/Po) ~ 0.99. d Determined by the t-plot method; the values in parentheses are the percentage of micropore volume as a function of total pore volume.
e Maxima of the pore size distribution (PSD) calculated using the NLDFT model, assuming slitshaped pores.
f Packing density calculated after pressing sample in a mould at 7 MPa.
g Hydrogen uptake capacity at -196 ºC and 20 bar; the uptake at 1 bar is shown in parentheses.
h Estimated maximum hydrogen uptake capacity at -196 ºC derived from Langmuir simulation plots. amongst the highest ever reported for carbons and compares favourably with other benchmark porous materials. 2b,4,5,7,11 The hydrogen uptake appears to be closely dependent on the textural properties, and generally increases at higher surface area. The lowest surface area sample (CP-4-600) exhibits the smallest 5 uptake capacity. It is however noticeable that sample CP-4-800 has a higher hydrogen uptake than CP-4-700 and CP-2-800 despite a similar surface area. The samples have similar N content but differ in the amount of oxygen, with CP-4-800 having the least. It is therefore likely that although the textural properties 10 are the greatest determinant of hydrogen uptake, higher amounts of oxygen are detrimental. Observation of the comparatively detrimental effects of a high oxygen content would be consistent with the work of Zhao and co-workers, who observed a decrease in the adsorbate-adsorbent interactions with increasing oxygen 15 concentrations in activated carbons.
19
It is interesting to note that although a significant proportion of the porosity of the present activated carbons is in mesopores that are considered less efficient for hydrogen storage, 5, 7, 14 the materials still exhibit impressive hydrogen storage due to their 20 ultrahigh surface area. However, it is noteworthy that the hydrogen uptake of the activated carbons is in line with the Chahine rule, 21 which stipulates an uptake of 10 μmol H 2 per m 2 (represented by the solid line in Figure 3b ). Therefore, the present samples do not outperform the Chahine rule, which may be a 25 consequence of the presence of a large number of mesopores. Our previous work shows that the hydrogen uptake of carbons that are predominantly microporous (and with few or no mesopores) generally tends to outperform the Chahine rule. 7,11 A linear dependence, similar to that in Figure 3b , is observed between the 30 micropore volume of the activated carbons and their hydrogen uptake (Supporting Figure S5 ). 7, 8, 11, 22 These previous reports involved templated 40 synthesis, where the carbon yield is low or multi-step activation, which therefore highlights the attraction of the present polypyrrole-derived activated carbons which are prepared via a simple and high yield procedure. The superior performance of the present activated carbons is clearly illustrated in Figure 3b , where 45 they are compared with various activated carbon and metal organic framework (MOF) materials. 4, 23 It is clear that the present carbons outperform previously reported comparable carbonaceous materials and have uptake similar to that of the best MOFs. A further attraction of the present carbons is that due to 50 their good carbon yield, they exhibit reasonably high packing density (Table 1) , which is an important variable in determining volumetric hydrogen uptake. (We note that the packing density values given in Table 1 are conservative as they were obtained after compaction at relatively low (7 MPa) pressure compared to 55 previous studies). 13, 24, 25 The packing density values given in . 13, 20, [25] [26] [27] We are aware of one example of a high pore volume (2.12 cm 3 g -1 ) activated carbon -which also had a high hydrogen uptake and wherein it was argued that small 85 mesopores, as well as the micropores, play an important part in the hydrogen adsorption under high pressure. 20 We therefore believe that the combination of three factors; bimodal pore size of micropores and small mesopores, high surface area and high pore volume that are unique to the present carbons (and in particular 90 the high pore volume) contribute to the enhanced hydrogen uptake especially at higher (20 bar) pressure.
Conclusions
In summary, we have shown for the first time a facile procedure for the synthesis of carbon materials with ultrahigh surface area 95 (3000 -3500 m 2 g -1 ) and pore volume (up to ~2.6 cm 3 g -1 )
comprising of two pore systems; one pore size system in the micropore range (~ 1.2 nm) and the other in the mesopore range (2.2 -3.4 nm). The choice of polypyrrole as the carbon precursor is the key to obtaining, via chemical activation with KOH, porous 100 carbons with outstanding textural properties. The activated carbon materials exhibit excellent hydrogen uptake of up to 7.03 wt% (at -196 ºC and 20 bar) . An estimated maximum uptake of 8.7 wt% is computed using Langmuir plots. [7, 20] The gravimetric hydrogen uptake translates to attractive volumetric density of up 105 to 37 g H 2 L -1 at 20 bar. An estimated volumetric uptake of 43 g H 2 L -1 is computed from Langmuir plots. Therefore the carbons exhibit both superior gravimetric and excellent volumetric capacity due to the fact that their high porosity is not at the detriment of packing density. The hydrogen uptake of the present 110 carbons is the highest ever reported for one-step activated carbons and amongst the best for any porous material.
